Cheek pouches of anesthetized hamsters were suffused with solutions with low, medium, and high oxygen tension, and arteriolar diameter changes were measured during and after occlusions of either single arterioles or the whole vascular bed. PO 2 was measured with microelectrodes on arteriolar walls and at surrounding tissue sites to indicate oxygen availability to the vascular smooth muscle and parenchymal cells, respectively. In each suffusion solution, whole pouch occlusion (WPO) and microvessel occlusion (MVO) induced quantitatively similar changes in tissue and periarteriolar PO 2 ; however, WPO resulted in larger diameter increases and longer recovery times than MVO. High suffusion solution PO 2 attenuated the reduction in tissue and periarteriolar PO 2 during occlusion (WPO and MVO), reduced the dilation during occlusion (WPO and MVO), and was associated with faster recovery of arteriolar diameters following release of WPO. Postocclusion recovery of periarteriolar PO 2 and tissue PO 2 in low oxygen suffusion was significantly faster than that of arteriolar diameters (WPO and MVO). Following WPO, periarteriolar PO 2 often had fully recovered while diameter was at its peak value. During intermediate and high PO 2 suffusion, arteriolar dilation occurred despite relatively high periarteriolar oxygen tensions. The evidence suggests that arteriolar responses to occlusion are determined primarily by indirect mechanisms, i.e., those mediated through parenchymal cell metabolites, rather than by the direct effects of oxygen deficiency on the vascular smooth muscle cells of the arteriolar media.
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Reactive hyperemia is the period of increased blood flow following occlusion of the blood supply to a vascular bed. Two of the major mechanisms proposed to explain this response involve oxygen either by its effect on vascular smooth muscle or by an indirect mechanism mediated through metabolism of the parenchymal cells. The indirect mechanism involves dilation of the small resistance vessels induced by the accumulation of vasoactive tissue metabolites during the period of occlusion, 1 whereas the direct effect refers to relaxation of the vascular smooth muscle induced by low PO 2 in the muscle cells. 2 Most studies of reactive hyperemia have been performed on whole vascular beds with only indirect indications of the precise behavior of the resistance vessels. Microcirculatory studies have the distinct advantage of permitting direct access to the small blood vessels and observation of their responses to various stimuli. However, relatively few such investigations of reactive hyperemia have been conducted. 3 " 5 Since oxygen availability to tissues and to the microcir-culation can be altered by varying the PO 2 of a suffusion solution covering the tissue, suffused microvessel preparations permit an evaluation of the importance of oxygen in the vascular response during both occlusion and the ensuing period of reactive hyperemia. Oxygen tensions, measured with microelectrodes on the walls of arterioles and at various tissue sites, are good indices of oxygen availability to the vascular smooth muscle and parenchymal cells, respectively. 6 The object of the present study was to use these methods to determine whether the arteriolar dilation which occurs in response to vascular occlusion correlates more closely with oxygen deficiency at the vascular smooth muscle or with oxygen deficiency of the parenchymal tissue.
Methods
Male golden hamsters (90-130 g) were anesthetized with an intraperitoneal injection of sodium pentobarbital, 60 mg/kg. A tracheostomy was performed to ensure a patent airway, and a femoral vein was cannulated. Supplemental anesthesia was administered, iv, as required. Physiologic saline solution was infused at a rate of 0.42 ml/hr to compensate for evaporative water loss and to maintain circulating blood volume. Preparation of a single layer suffused cheek pouch was performed as previously described. 7 The blood supply to the whole vascular bed was occluded by a lifting ligature around the common carotid artery or by compression of the base of the pouch with a hydraulic occluder 8 or a soft silicone rubber snare. Single arterioles were occluded by compression with glass micropipettes guided by a Leitz or De Fonbrune micromanipulator.
The hamster was placed on the stage of a Leitz Labolux II microscope equipped with a 50 x UMK objective and the preparation was transilluminated with a high intensity xenon lamp filtered at 540 nm. The cheek pouch was continuously suffused with a bicarbonate-buffered physiologic saline solution, pH 7.35, with the following millimolar composition: NaCl, 131.9; KC1, 4.7; CaCl 2 , 2.0; MgSO 4 ,1.17; and NaHCO 3 ,20.0. The temperature of the pouch was maintained at 35-36°C and the preparation was allowed to equilibrate for each experiment until diameters and oxygen tensions were stable. The presence of tone in arterioles under observation was verified by observing the dilation produced by the topical application of a 10~4 M solution of adenosine or acetylcholine.
The microcirculation was also observed on a Cohu closed circuit television system having a useful magnification of about 500x. Inside diameters of arterioles were measured continuously before, during, and after occlusion with a pair of movable lines generated by a Colorado Video Analyzer (model 321). The DC voltage output from the Video Analyzer was recorded by a Brush model 260 chart recorder. The entire system was calibrated against a Vickers image-shearing eyepiece, and had an overall accuracy of ±1 ^m.
Oxygen tensions on the walls of arterioles and in the tissue were measured amperometrically with oxygen microcathodes 9 as described previously. 6 The tissue sites selected were free of capillaries and thus reflect minimal PO 2 in the tissue. The microelectrodes were also used to measure the PO 2 of the suffusion solution as it flowed over the pouch. Electrodes were calibrated in saline equilibrated with 100% N 2 and room air before and after each experiment, and readings were discarded if any significant change occurred in the calibration currents. Currents, measured on a Keithley model 602 picoammeter, were in the range of 0.1 x 10"" A in 0% O 2 , and the ratio of 0% O 2 /21 % O 2 currents was 0.05 ± 0.005 (SEM). The tip size of the microelectrodes used in this study ranged from 1 to 4 /am.
To determine the effect of oxygen supply on the responses of arterioles to occlusion, the oxygen content of the suffusion solution was altered by equilibrating the solution in the supply reservoir with gas mixtures containing either 0% O 2 , 5% O 2 , or 10% O 2 , with 5% CO 2 and N 2 as a filler gas. The PO 2 of the various suffusion solutions, measured over the pouch with microelectrodes, was 7.2 ± 1.3 mm Hg for the 0% O 2 solution, 35.0 ±1.1 mm Hg for the 5% O 2 solution, and 74.1+3.3 mm Hg for the 10% O 2 solution.
Several parameters of the microvascular response were evaluated in an effort to develop expressions relevant to the pressure-flow relations in whole organs. Measurement of diameter and changes in diameter at the end of an occlusion period were used as corollaries to changes in peak flow. Similarly, the time required for recovery of the arteriolar diameter following occlusion should be an index of the duration of reactive hyperemia. We have therefore expressed the data as the half-time for recovery. Table 1 compares the final diameter increases (/*m) following 60 seconds of whole pouch occlusion or single vessel occlusion during suffusion with solutions with low, intermediate, and high oxygen content. In the case of single vessel occlusions, all measurements were made downstream from the pipette to ensure that intravascular pressure decreased during the occlusion. Diameter increases during single arteriole occlusions have also been described in detail as part of a previous investigation. 10 Arteriolar diameters increased during occlusion with all three suffusion conditions and, in each solution, diameter increases during whole bed occlusion were significantly greater than those during single vessel occlusion. During both single vessel and whole pouch occlusion, less dilation occurred as the PO 2 of the suffusion solution was increased. Table 2 compares the recovery times of arteriolar diameter following release of whole bed and single vessel occlusion during 0% O 2 , 5% O 2 , and 10% O 2 suffusion. The time necessary for 50% recovery from the maximum dilation attained during the occlusion was measured as an index of the recovery rate. During all suffusions, the half- time of recovery following whole pouch occlusion was significantly longer than that following single vessel occlusion. Recovery times following 1-minute whole pouch occlusions were reduced as the PO 2 of the suffusion solution was increased. Recovery times following 1-minute occlusions of single arterioles were not significantly influenced by the oxygen content of the suffusion solution. Following 3-minute single vessel occlusions, recovery of arteriolar diameters were slower in low oxygen suffusion. The halftime of recovery following 3-minute single vessel occlusions in 0% O 2 suffusion averaged 22.2 ± 4.1 seconds (n = 19), compared with half-times of 11.5 ± 1.4 seconds for 1-minute occlusions in 0% O 2 suffusion (n = 27) (P < 0.05) and 11.8 ± 3.3 seconds for 3-minute occlusions in 10% O 2 suffusion (n = 10) (P < 0.05). Table 3 compares changes in periarteriolar PO 2 during whole bed occlusion and during single vessel occlusion under the various suffusion conditions. With the low oxygen suffusion, periarteriolar PO 2 reached similar minimum values of 9.0 ± 2.1 mm Hg during single vessel occlusion and 7.5 ± 1.9 mm Hg during whole bed occlusion. PO 2 on the arteriolar wall reached 0 mm Hg during two of 13 single vessel occlusions and during two of 10 whole bed occlusions. Periarteriolar PO 2 also fell below 2 mm Hg during two other single vessel occlusions and one other whole bed occlusion. When the occlusion was released, oxygen tension on the arteriolar wall rapidly recovered to a value almost identical to the preocclusion PO 2 (29.5 ± 1.8 mm Hg following single vessel occlusion and 26.1 ± 2.4 mm Hg following whole pouch occlusion).
Results

ARTERIOLAR DIAMETER CHANGES DURING OCCLUSION
RECOVERY TIMES FOLLOWING WHOLE POUCH AND SINGLE VESSEL OCCLUSIONS
PERIARTERIOLAR PO 2 DURING SINGLE VESSEL AND WHOLE BED OCCLUSION
During single arteriole occlusion in 5% O 2 suffusion, periarteriolar PO 2 again declined markedly, but reached a plateau at a minimum value of 18.4 ± 1.9 mm Hg. This is significantly higher than the minimum value observed during 0% O 2 suffusion (P < 0.01). PO 2 on the arteriolar wall failed to fall below 8 mm Hg during any occlusion. Periarteriolar PO 2 changes in response to occlusion of the whole vascular bed were similar to those observed during single arteriole occlusion.
During 10% O 2 suffusion, periarteriolar PO 2 tended to decrease slightly during both single arteriole and whole bed occlusion. When evaluated by Student's /-test for paired samples, this decrease was significant (P < 0.02) only during whole bed occlusion. The average minimum periarteriolar PO 2 of 28.4 ±4.3 mm Hg (single arteriole occlusion) and of 27.7 ± 2 . 2 mm Hg (whole bed occlusion) were not significantly different from each other, but were significantly higher than those occurring during single vessel and whole bed occlusions with 0% O 2 suffusion (P < 0.001).
TISSUE PO 2 DURING SINGLE VESSEL AND WHOLE BED OCCLUSION
Our measurements of tissue PO 2 under conditions of unrestricted blood flow are in good agreement with those previously described by others. 6 ' "~1 5 The changes in tissue PO 2 during occlusion on 0%, 5%, and 10% O 2 suffusion are compared in Table 4 . Tissue PO 2 changes were similar in response to single vessel and whole bed occlusion.
With 0% O 2 suffusion, tissue PO 2 reached 0 mm Hg in two of 10 single vessel occlusions and in five of nine whole bed occlusions. Tissue PO 2 also fell below 2 mm Hg during seven of the single vessel occlusions and during three of the whole bed occlusions. During whole bed occlusion, tissue PO 2 tended to reach lower minimum values than during single vessel occlusion, but this difference was not significant. Upon release of occlusion, tissue PO 2 recovered rapidly with a half-time of 3.6 ± 0.4 seconds following single arteriole occlusion (n = 11) and 10.3 ± 2.2 seconds following whole bed occlusion (n = 8). The half-time of recovery following single vessel occlusion was significantly faster than that following whole bed occlusion (P < 0.005). In 5% O 2 suffusion, tissue PO 2 also declined sharply during occlusion, reaching minimum values which were intermediate to those reached during occlusion in the 0% O 2 and 10% O 2 suffusions. Upon release of occlusion, tissue PO 2 again returned rapidly to control values.
Whole Pouch Occlusion Single Arteriole Occlusion
With 10% O 2 suffusion, tissue PO 2 exhibited a small but significant decrease (Student's /-test for paired samples) in response to both single vessel and whole pouch occlusion. The minimum tissue PO 2 reached during whole bed and that during single vessel occlusion were not significantly different from each other, but were significantly higher than those during 0% and 5% O 2 suffusion. Preocclusion values of tissue PO 2 during 10% O 2 suffusion were also significantly greater than those during 0% O 2 suffusion (P < 0.001) and 5% O 2 suffusion (P < 0.05). Figure 1 compares the half-times of recovery of arteriolar diameter, periarteriolar PO 2 , and tissue PO 2 following single arteriole occlusion and whole pouch occlusion in low oxygen suffusion. Periarteriolar PO 2 recovered significantly faster than arteriolar diameter, and, following whole bed occlusion, vascular diameters were often at their peak value for some time after periarteriolar PO 2 had fully recovered. After release of both single arteriole occlusion and whole pouch occlusion, tissue PO 2 recovered more slowly than periarteriolar PO 2 , but significantly faster than arteriolar diameter.
TIME COURSE OF DIAMETER AND PO 2 RECOVERY FOLLOWING OCCLUSION (0% O 2 SUFFUSION)
Discussion
The present experiments indicate that the magnitude and duration of arteriolar dilation in response to occlusion are not under direct and continuous control by oxygen deficiency at the level of the vascular smooth muscle cells. After release of both whole bed and single vessel occlusion, recovery of oxygen tension on the arteriolar wall was significantly faster than recovery of arteriolar diameters (P < 0.001). Following whole pouch occlusion in low oxygen suffusion, diameters often remained at their peak value for some time after complete recovery of periarteriolar PO 2 . Thus, our measurements of periarteriolar PO 2 provide direct evidence that hypoxia of the resistance vessels is not present following release of the occlusion. This finding supports the conclusions of other investigators 16 ' 17 who reported substantial hyperemic responses even when vessels were probably exposed to fully saturated arterial blood (and thus argued that the maintenance of reactive hyperemia was not due to the direct effects of oxygen deficiency on the vascular smooth muscle). While Olsson 18 has suggested that some time may elapse before the vascular smooth muscle cells recover from hypoxia (which could explain their relaxation in spite of an abundant oxygen supply in the postocclusion period), comparison of the changes in arteriolar diameter and periarteriolar PO 2 in response to single vessel occlusion and whole bed occlusion during 0% O 2 suffusion suggests that this is unlikely. The minimum periarteriolar PO 2 and the recovery rate of periarteriolar PO 2 are not greatly different for single vessel and whole pouch occlusion, but the half-time for recovery of arteriolar diameters is substantially longer following release of whole bed occlusion (Tables 2 and 3). Furthermore, there is good evidence that the arterioles of the cheek pouch are not particularly sensitive to changes in PO 2 which are restricted to the environment of the smooth muscle. 19 Some studies 20 ' 21 have suggested that vascular smooth muscle is sensitive to oxygen deficiency at a fairly high PO 2 . However, oxidative phosphorylation of hamster mesenteric arterioles appears to be highly resistant to hypoxia, and limitation of oxygen consumption does not begin to appear until an environmental PO 2 of 2-5 mm Hg is reached. 22 Data from isolated vascular strips exhibit a size dependence for the critical PO 2 of arterial smooth muscle and, based on an average arteriolar wall thickness of 10 /j.m, 2 mm Hg has been estimated to be the PO 2 at which the vascular smooth muscle should relax. 23 These findings indicate that the vascular smooth muscle is not limited directly by oxygen availability during occlusion in the 5% O 2 and 10% O 2 suffusions, since periarteriolar PO 2 did not fall below the value of 2-5 mm Hg. Moreover, the minimum periarteriolar PO 2 during occlusion was close to or greater than the preocclusion value of tissue PO 2 during 0% O 2 and 5% O 2 suffusion. Thus, if dilation of the arterioles were the direct result of oxygen deficiency during 5% O 2 and 10% O 2 suffusion, the vascular smooth muscle would have to be more sensitive to oxygen limitation than the parenchymal cells.
During several occlusions in 0% O 2 suffusion, however, periarteriolar PO 2 approached 0 mm Hg. In such cases, arteriolar dilation could be at least partially due to the direct effect of oxygen deficiency on the vascular smooth muscle.
The direct relationship between the minimum tissue PO 2 during occlusion and the PO 2 of the suffusion solution demonstrates that oxygen supply to the parenchymal cells can be increased by raising the oxygen content of the suffusion solution. Oxygen supply from the suffusate would undoubtedly become even more important for parenchymal cell function when blood flow is interrupted by occlusion. The increased oxygen supply to the tissue would then presumably result in decreased production of vasoactive metabolites during occlusion and, in turn, decreased arteriolar dilation. The decreased vasodilation we observed as the PO 2 of the suffusion solution was increased is consistent with this hypothesis.
Our direct measurements of tissue PO 2 also confirm that hypoxia is not present in most of the tissue following release of the occlusion. The present investigation thus indicates that the maintenance of the hyperemic response is not due to the persistence of tissue hypoxia following release of the occlusion. This is consistent with the conclusions of both McNeill 16 and Eikens and Wilcken, 17 who observed reactive hyperemia under conditions in which tissue hypoxia should have been reduced or eliminated. These measurements of tissue PO 2 cannot completely eliminate the possibility of hypoxic foci, but the sites of measurement were chosen to lie in areas free of capillaries and, therefore, presumably represent the least oxygenated areas of the tissue.
The present study suggests that oxygen-independent mechanisms can contribute as much as 60-70% to the dilation during occlusion (as estimated by comparison of the peak dilation during single vessel or whole bed occlusion in low and high oxygen suffusion). While the precise mechanisms causing arteriolar dilation during well oxygenated conditions cannot be determined from these experiments, several possibilities might be considered.
1. Arteriolar dilation during suffusion with the high oxygen solutions might reflect a myogenic response triggered by a decreased intravascular pressure during occlusion , 5 -24 -27 However, the myogenic contribution to the steady state diameter changes during arteriolar occlusion in the hamster cheek pouch is apparently quite small. 10 2. Dilation during occlusion in high oxygen suffusion could be due to the action of aerobic metabolites. This hypothesis is supported by the results of several other studies 25 ' 28t 29 which have indicated that such metabolites might contribute to the hyperemic response.
3. The generation of vasodilator metabolites might be PO 2 -dependent, even at the high oxygen tensions we observed in the 5% O 2 and 10% O 2 solutions.
These results are all consistent with an increasing body of evidence suggesting that regulation of oxygen availability by the circulation occurs at oxygen tensions substantially higher than the limiting PO 2 of the cytochrome oxidase system in isolated mitochondria. 30 ' 31 
